Although graft-versus-host (GVH) disease (GVHD) is usually associated with graft versus leukemia (GVL), GVL can occur in the absence of clinical GVHD. There is evidence to suggest that GVL and GVH are mediated by different clones of T cells. The objective of this study was to identify the two types of T cells based on their receptor sequences. To this end we used irradiated nonleukemic cells from recipients as stimulator cells in a primary mixed leukocyte reaction (MLR). The activated CD4 ؉ donor T cells that expressed CD25 were purified by cell sorting. To prepare GVL-specific T cells, alloreactive T cells in the primary MLR were first depleted with an anti-CD25 immunotoxin. The remaining T cells had negligible alloreactivity in a secondary MLR. The allodepleted cells were then stimulated by using purified leukemia cells from the same individual as stimulator cells, and the CD25 ؉ -activated cells were purified by cell sorting. The GVL-and GVH-specific T cells were analyzed for their T cell receptor (TCR) clonality by using anchored RT-PCR of all the TCR␤ locus complementarity-determining region 3 (CDR3) sequences. By comparing TCR␤ CDR3 sequences from transformed bacterial colonies, we were able to demonstrate that T cells mediating GVH were different from those mediating GVL in each of the eight HLA-mismatched and one HLA-matched donor͞ recipient pairs. By using the appropriate TCR␤ CDR3-specific primers and probes, the GVH-and GVL-specific clones were monitored in a recipient undergoing an allogeneic stem cell transplant from her HLA-matched related donor.
A major challenge in the field of allogeneic hematopoietic stem cell transplantation (HSCT) is to prevent the alloreactivity that leads to graft-versus-host (GVH) disease (GVHD) while preserving a graft-versus-leukemia (GVL) effect (1) (2) (3) (4) (5) . After allogeneic HSCT, T cells mount an alloresponse against minor histocompatibility antigens of the recipient (in the case of HLA-matched transplants) and against minor and major histocompatibility antigens (in the case of HLA-mismatched transplants) (6, 7) . GVHD is a leading cause of morbidity and mortality after HSCT (1, 2) . A pronounced GVL effect of allogeneic HSCT has been well documented in animal studies and by clinical observations (4, (6) (7) (8) (9) . The most compelling evidence for a GVL response in humans is the observation of complete remissions in recipients with relapsed malignancy after HSCT who receive donor leukocyte infusions. Such remissions have been observed in Ϸ70-80% of recipients with chronic myeloid leukemia in chronic-phase relapse (10) (11) (12) (13) (14) and to a lesser extent in recipients with acute myeloid leukemia (AML), chronic lymphocytic leukemia, multiple myeloma, and low-grade lymphomas (3, 9, 10, 12) . Although GVHD usually is associated with a GVL response (8, 9) , GVL can occur in the absence of clinical GVHD (3, 5, 9) .
In vitro data support the existence of hematopoietic lineagerestricted alloresponses within T cell receptor (TCR)␤ V families. It has been demonstrated that donor CD4 ϩ T cell clones, generated against a single HLA-A locus mismatched recipient with chronic myeloid leukemia, had distinct GVL or GVH reactivity. Furthermore, clones mediating GVL and GVH had different TCR␤ V specificities (15, 16) . Flow cytometry and a TCR␤ complementarity-determining region 3 (CDR3) length repertoire analysis (TCR spectratyping) have been used to identify clonal expansion of GVL-or GVH-specific donor lymphocytes (11, 17) and, in one study, to identify a unique TCR sequence in a GVL-specific clone (17) . Spectratyping has resulted in the characterization of a limited number of TCR␤ V families but not the unique TCR␤ CDR3 sequences specific for every individual T cell clone. Other approaches, using HLA-2͞ peptide tetramers, are limited by the HLA class I phenotypes and the identification of peptides that specifically bind to particular HLA molecules (18) .
We have used a technique that allows us to identify all the TCR␤ CDR3 sequences of antigen-stimulated T cells. To accomplish this, we first carried out a mixed leukocyte reaction (MLR) using normal cells from the recipient. The activated CD25 ϩ CD4 ϩ cells then were sorted to purify the alloreactive T cells. To prepare the GVL-specific T cells, the activated cells in the primary MLR (in which nonleukemic cells from a recipient were used as stimulators) were treated with an anti-CD25 immunotoxin (IT) to eliminate the alloreactive T cells. The remaining allodepleted cells were used in a secondary MLR with leukemia cells from the same recipient. The CD25 ϩ T cells were purified on the cell sorter. The unique TCR␤ CDR3 sequences from the GVH-and GVL-specific T cells then were amplified by using anchored RT-PCR and sequenced. In theory, this procedure allowed us to amplify all the TCR␤ CDR3 sequences from the GVH-and GVL-specific T cells without knowing which antigens these receptors recognized (19, 20) . Based on the known TCR␤ CDR3 sequence of an individual T cell clone we prepared and used clone-specific primers and probes to monitor the appearance of GVH-and GVL-specific clones from a recipient undergoing an allogeneic HSCT (20) .
Materials and Methods
Recipient Population and Specimen Collection. After receiving signed, informed consent, anticoagulated peripheral blood specimens were obtained from recipients and healthy donors. All studies involving these blood samples were approved by the Institutional Review Board of the University of Texas Southwestern Medical Center. Four patients had AML and two had acute lymphatic leukemia. Four donors were HLA-mismatched healthy volunteers and one sibling donor was HLA-A, -B, -C, and -DR-matched with one of the AML recipients. This recipient had refractory AML and underwent an allogeneic HSCT from her HLA-matched donor but experienced a hematological relapse 52 days after the transplant.
Abbreviations: HSCT, hematopoietic stem cell transplantation; GVH, graft versus host; GVHD, GVH disease; GVL, graft versus leukemia; AML, acute myeloid leukemia; TCR, T cell receptor; CDR3, complementarity-determining region 3; MLR, mixed leukocyte reaction; IT, immunotoxin; PBMC, peripheral blood mononuclear cell. § To whom correspondence should be addressed. E-mail: ellen.vitetta@utsouthwestern. edu.
MLR and Selective Depletion with an Anti-CD25 IT. Cells were incubated at 37°C in an atmosphere of 5% CO 2 in a complete medium consisting of X-VIVO 15 (BioWhittaker) supplemented with 5% heat-inactivated type A (19) . Briefly, mRNA was extracted from the sorted antigen-activated T cells. Template switch-anchored PCR was used to amplify the V(D)J-region sequences. The sequences were used to transform bacteria, and for each PCR product, 50-60 colonies were selected and sequenced to obtain TCR␤ CDR3 sequences corresponding to all sorted T cells that had been activated in the MLR (19) . Clones were defined by the presence of at least two identical DNA sequences of the TCR␤ CDR3. In the case of the HLA-identical recipient͞donor pair, the primers and probes specific for each CD4 ϩ clone were prepared by using Applied Biosystems software program PRIMER EXPRESS 1.5, and the real-time quantitative PCR was performed on posttransplant samples by using an Applied Biosystems PRISM 7700 real-time thermal cycler.
Statistics. All data are expressed as means Ϯ SD. Statistical analysis of all processed data were performed with Microsoft EXCEL software. Comparisons were made by using a two-tailed Student's t test.
Results

Selective Depletion of Alloreactive T Cells Preserves the Antileukemic
Activity of the Treated Cells. One HLA-matched and eight HLAmismatched MLRs were performed by using donor PBMCs as responders and irradiated PBMCs or irradiated expanded T cells as stimulators. Smaller numbers of responders were activated in a primary MLR from the HLA-matched pair (2.32% CD4 ϩ CD25 Table 1 summarizes the results of the MLRs. As can be seen in Table 1 , when the donor and recipient were HLA-matched, the percentages of both alloreactive and leukemia-reactive cells were lower, reflecting the fact that there were fewer mismatched antigens.
Clonotypic Analysis with Alloreactive and Leukemia-Reactive Donor CD4 ؉ T Cells. Activated donor CD4 ϩ CD25 ϩ cells were positively sorted from both the primary and secondary MLRs, and clonotypic assays were performed as described in Materials and Methods. The results from all evaluable TCR␤ CDR3 sequences are summarized in Table 2 . As shown, in the HLA-matched pair there were oligoclonal populations of both alloreactive and leukemia-reactive CD4 ϩ T cells, which indicates that in HLAmatched pairs very few T cell clones are activated. The presence of other individual TCR␤ CDR3 sequences may represent minor clones or immunoregulatory CD4 ϩ CD25 ϩ cells. One of the clones was present in both the alloreactive and leukemia-reactive sorted cells. This clone must have escaped allodepletion because of low expression of CD25, suggesting that it was activated poorly or slowly in the alloresponse and that it emerged during the secondary MLR against the leukemia cells. This clone may recognize a common minor antigen on both the normal and leukemic cells.
In all HLA-mismatched pairs we found polyclonal activation of donor CD4 ϩ T cells, because these different clones represented 96-100% of all TCR␤ CDR3 sequences analyzed. In one HLA-mismatched pair ( Table 2, T cell clones, we were able to construct clone-specific primers and probes to monitor the frequencies of these clones in the peripheral blood of a recipient with refractory AML who was transplanted with hematopoietic stem cells from her HLA-matched sibling donor. Donor cell engraftment of the hematopoietic system was established 30 days after HSCT, but the recipient experienced hematological relapse of her AML at 52 days and died 71 days after the transplant. After the transplant, we were able to study five dominant CD4 ϩ T cell clones using clone-specific quantitative PCR. Three of those clones were detectable and are shown in Fig. 2 . The other two clones were undetectable in any of the posttransplant samples. The alloreactive clone (identified originally in 12͞55 TCR␤ CDR3 sequences in vitro using the clonotypic assay) appeared at low levels in the patient and increased gradually even though the recipient showed no symptoms of GVHD. The leukemia-reactive clone (identified originally in 24͞55 TCR␤ CDR3 sequences in vitro by using the clonotypic assay) appeared at 28 days and reached its peak value 47 days after the transplant. It then decreased when leukemic relapse was diagnosed 52 days posttransplant and was undetectable at 62 days posttransplant. This suggests that the antileukemia activity of this clone was ineffective at inhibiting tumor growth because (i) it did not expand rapidly enough, (ii) it was of a T cell type that failed to activate a robust cytotoxic T cell response, (iii) it was overwhelmed by rapid growth of leukemic cells, or (iv) the tumor cells were resistant to killing. The third clone that was present in vitro in both the primary and secondary MLR in 3͞55 and 4͞53 TCR␤ CDR3 sequences, respectively, was above the threshold of the quantitative PCR only at 40 days posttransplant. The relevance of this clone is unclear, although as noted it may represent a slowly growing clone that did not express enough CD25 to be eliminated with the IT after the primary MLR.
Discussion
This study was designed to determine whether we could identify unique clones of CD4 ϩ T cells that recognized either normal or leukemic cells from the same recipient. Our approach was based on the activation of alloreactive clones or leukemia-reactive clones followed by the sequencing of all the TCR␤ CDR3 from each pool of the activated cells. In one instance, these clones were monitored in a transplant recipient. Four major findings emerged from these studies. (iii) In an HLA-matched pair, an oligoclonal population of leukemia-reactive cells was identified, and one of the lessdominant clones was stimulated by both nonleukemic and leukemic cells from the same individual. Hence, this clone escaped the selective depletion with anti-CD25 IT and probably was a slowly growing clone with a low density of CD25. It most likely recognized a minor antigen present on both the normal and leukemic cells from the recipient. These data are in agreement with published studies (6, 11) and provide direct evidence for the presence of three clonal populations: alloreactive, leukemiareactive, and both alloreactive and leukemia-reactive CD4 ϩ T cells. (iv) The appearance of the alloreactive and leukemiareactive clones could be followed in a transplant recipient. Importantly, although the leukemia-reactive clone appeared in the recipient, it was unable to prevent leukemic relapse either because it failed to activate a sufficiently robust population of cytotoxic lymphocytes or the tumor cells were growing too rapidly to be controlled by any type of T cell response.
A large body of evidence supports the existence of different T cells that are reactive with either normal or malignant cells. In the allogeneic setting, it is possible to identify T cell lines that react with leukemic blasts but not with normal hematological cells from the same individual (23) . In HLA-identical siblings, cytotoxic T lymphocytes that kill leukemic or nonleukemic targets have also been isolated (24) . Furthermore, experiments in mice have demonstrated clearly that GVL and GVH reactivity are separable (25) . In another study, clones with three different reactivities were identified: clones reacting only against normal PBMCs, clones reacting only against leukemic cells, and clones reacting against both (6). This finding was also confirmed in another in vitro model where allogeneic T cells selectively killed Philadelphia chromosome-bearing human leukemia lines (26) . Similar results have been demonstrated by using minor histocompatibility antigen-specific cytotoxic T cells in both animal and human studies (18, 27, 28) . In an animal model it has been shown that donor T cells primed against a single known minor histocompatibility antigen caused no GVHD but produced a curative antileukemic response (27) . Most of these studies LGDSALYLCASS DGTGD EQFFGPGTRLTVL
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LGDTAMYLCAT T cells may have cytotoxic activity by virtue of the cytokines that they secrete (18, 29, 30) . In published studies, the identification of clonal T cell responses has been accomplished by flow cytometry using mAbs directed against TCR␤ V families or by TCR␤ CDR3 spectratyping (11, 31) . In the case of flow cytometry, the series of mAbs is not complete enough to analyze all TCR␤ V families, and in the case of spectratyping, TCR␤ V subfamilies but not individual T cell clones within these families can be identified and monitored (11) . Using tetramers for tracking specific T cell clones requires prior knowledge of the antigen and is restricted by certain HLA class I molecules (32) .
In our study we could identify all individual TCR␤ CDR3 sequences based on antigen stimulation in an MLR and anchored RT-PCR. Thus, the amplified products comprise all of the TCR␤ CDR3 sequences expressed in the alloreactive or leukemia-reactive cells. These individual TCR␤ CDR3 sequences most likely represent the entire spectrum of CD4 ϩ T cell clones from the donor activated by either normal or malignant cells from the host. The polyclonal alloresponse in HLAmismatched pairs is not surprising because of the large numbers of different HLA and minor histocompatibility antigens present on cells from the recipient. In the case of the HLA-matched pair, the alloresponse was oligoclonal because of fewer differences in histocompatibility antigens on the cells of the donor versus the host. This finding is in agreement with data obtained from another 10 recipients undergoing HSCT from their HLAmatched siblings where the alloresponses were also oligoclonal. ʈ When allodepleted donor cells were restimulated with leukemic cells there was an oligoclonal expansion of CD4 ϩ T cells in both the HLA-mismatched and HLA-matched pairs. All the leukemia-reactive clones and the alloreactive clones from the same HLA-mismatched pairs were different. The results of our studies strongly suggest that allodepleted T cell transplants should exert GVL effects but rarely cause GVHD. Thus far, data from one clinical trial using IT-depleted cells support this possibility (33) . Further clinical trials will be required to confirm and extend these findings in different transplant settings. Finally, the results of our studies suggest that the expansion and reinfusion of these GVL-specific CD4 ϩ T cells may be useful for immunotherapeutic purposes. We thank Dr. Laurie Davis for helping us set up the MLR; Dr. Victor Ghetie for preparing the IT; and Drs. Michael Bennett and Jonathan Uhr for reviewing the paper. We acknowledge Ms. Shannon Flowers for assistance in preparing the manuscript. These studies were partially supported by the Leukemia Association of North Central Texas. 
